In discussing cholesterol methodology, Kendall (1960) emphasised two needs; that of achieving 'internal reproducibility' of laboratory performance, and that of obtaining 'comparable results' from different laboratories, to which end a pure cholesterol standard was considered to be urgently required. Brown (1961a, b) surveyed the reliability of methods for serum cholesterol determination, and pointed out some sources of error in well-known techniques. An International Cooperative Cholesterol Standardization Program was subsequently set up (Cooper. 1965 ) and a monograph published under its auspices (Center for Disease Control, 1970) has drawn attention to particular problems which complicate the assay of cholesterol in serum. The difficulty of purification, and its susceptibility to aerobic oxidation, do not make accurate standardisation at all easy (Muelling and Copeland, 1967) ; an NBS certified material has only recently become available. The limited solubility of crystalline cholesterol in aqueous solutions, with the attendant need to use a mediating solvent to make up solutions of physiological concentration, render recovery studies unreliable. Above all, cholesterol occurs in both free, conjugated and lipoprotein-bound forms, and it is inherently unlikely that different methods of assay will yield closely concordant results.
SURVEY OF ANALYTICAL METHOLJS Yanzetti (1964) and Tonks (1967) classified and critically reviewed both reference and routine methods for the determination of total cholesterol and of cholesterol esters in serum. The colour reactions given by cholesterol with Lewis acids, first studied by Salkowski, and then by Liebermann and by Burchard, form the basis of all commonly used manual and automated assays (Table I) . Simple direct colorimetric AutoAnalyzer methods, using Liebermann-Burchard reagents, have been described (Kenny and Jamieson, 1964; Levine et al., 1967; Annan and Isherwood, 1969) , but although good concordance with extraction methods can be obtained with normal sera, it is difficult to account for the effects of haernolysis or lipaemia (Moline and Barron, 1969) or of hyperbilirubinaemia (Zak et al. 1970). Not surprisingly, the response of cholesterol esters markedly depends on the temperature and period of incubation with the acid reagent (Siegel and Bowdoin, 1971) . A ferric perchlorate-ethyl acetate reagent (Holub and Galli, 1972) has been reported to offer some advantages in a direct automated assay, and ferric ammonium sulphate in a manual method (Feng et al., 1973) .
Many attempts have been made to overcome the lack of specificity of the direct assay, and its susceptibility to interference. Most such methods involve preliminary solvent extraction of serum---commonly with isopropanol-by manual or continuous filter techniques (Levine and Zak, 1964; Block et al., 1966) before carrying out an automated LiebermannBurchard reaction, either colorimetrically or fluorimetrically (Robertson and Cramp, 1970) . Here again though, interference may still arise and various forms of pre-treatment of the extract have, therefore, been advocated (Freie and Hansen, 1967; Fosbrooke and Pringle, 1970) . A fully automated AutoAnalyzer assay for total serum cholesterol has been developed (van der Honing et al., 1968) in which sera were saponified with alcoholic alkali, extracted with carbon tetrachloride, the organic phase separated and then reacted with acetic anhydride-sulphuric acid: to achieve good precision, however, it was necessary to use a standard in every fifth sample position. A technique (Lyall et al., 1966) for the continuous agglutination and filtration of whole blood, using phytohaemagglutinin, prior to serum cholesterol analysis by conventional means, has been successfully applied to short-term in vivo monitoring (Godse et al., 1969) .
Since Tonk's review was published, several new methods of chemical assay of serum cholesterol have been outlined, but without detailed descriptions of their application to routine work. Ziatkis and Zak (1969) showed that the acid-catalysed condensation of cholesterol with o-phthalaldehyde afforded high sensitivity, and the reaction was adapted by Naka (1972) to the Vickers M-3oo Analyser. Troy and Purdy (1969) utilised the coulometric titration of cholesterol with bromine to effect quantitation after thin-layer chromatography of serum extracts. Richmond (1972) indicated that the enzymic oxidation of cholesterol to LJ4-cholestenone could be made the basis of an automated technique for assay of body fluids. Abell et al. (1952) , whereas the two gas chromatographic methods yield lower values. It is also notable that the manual and automated colorimetric methods yield comparable betweenbatch coefficients of variation.
INTER-LABORATORY QUALITY CONTROL COMPARISONS
A better means of comparing the relative precision, in routine use, of different methods of cholesterol analysis is offered by the findings of interlaboratory quality control comparisons. The two British schemes described here differ in organisation from their American and Scandinavian counterparts in that laboratory performance has been monitored at frequent intervals over a relatively short period, rather than sporadically over a long time.
U.K. National Quality Control Scheme
In this scheme (Whitehead et al., 1973 ) the numbers of participant laboratories reporting cholesterol assays on pooled sera are approximately 50 for AutoAnalyzer and for manual Zak (iron) techniques, 100 for manual Liebermann-Burchard methods, and 80 for other methods combined.
Data kindly provided by Professor T. P. Whitehead, and summarised in Fig. I and Table 3 , indicate some features of the relative performance of the four techniques, with the reservations that finer discrimination of methodology cannot be made, nor have the findings been correlated with bilirubin levels in the samples analysed.
In the 18-month period June, 197I-November, 1972 during which cholesterol assays were regularly performed, there was good concordance (Table 3) between the mean values found by each technique, but except on two occasions (January and February 1972 successively) these means were always very close to 195 mgjloo ml. The manual Zak (iron) technique gave the lowest mean in II out of 18 sets of analyses; no one technique appeared to give consistently high results, and the AutoAnalyzer means were only marginally greater than those derived by Liebermann-Burchard or 'other' methods.
Even with 3 S.D. truncation limits, the precision of each of the four techniques was variable, with little to choose between AutoAnalyzer, manual or other methods. In general, the coefficient of variation bordered on 10 %, but much higher values were by serum blank Driscoll et al. (1971) I Extraction-gas colorimetric methods (at 60 to 500 mg/lOO ml) Table 4 , therefore afford a comparison of the performance of manual and automated variants of the basic methods. The figures show the mean bias (in relation to the overall mean) and the average precision for three six-monthly cycles, during each of which 12 samples were analysed. The following tentative conclusions can be drawn:-With the reservation that the overall mean is strongly influenced by the results of the LiebermannBurchard assays, it seems that the automated versions of this method display little mean bias in comparison with the manual methods. Both manual and automated iron-acid techniques, however, COIlsistently display negative bias; this suggests that the difference in means revealed by the National Quality Control Scheme between manual iron and AutoAnalyzer methods would be accentuated if the Scheme descriminated between AutoAnalyzer methods.
In the light of the figures for average precision, the automated iron-acid technique appears to show the best and most consistent performance, with little to choose between the manual iron and the manual or automated Liebermann-Burchard methods. Assuming the cholesterol concentration of the samples analysed to be 195 tng] 1()() ml, the coefficients of variation over all the methods ranged from 6-10%. These figures are very similar to those derived from the National Quality Control Scheme results, and as before, the data do not indicate that the performance of any method improved over the 18-month period in question.
College of American Pathologists Chemistry Surveys
Findings of the 1968 Survey (Copeland et al., 1972b) were used to compare the performance of approximately 1500 clinical laboratories with that of approximately 100 university hospital 'referee' laboratories. It was shown that the latter obtained consistently, and usually significantly, lower cholesterol values at several levels of concentration. Correction for interference by bilirubin was considered to be 'a source of confusion' in conducting such surveys. The general performance in respect of cholesterol, however, did not appear to be especially bad in relation to the findings for 12 other constituents. Skendzel et al. (1970) made a simple comparison of the findings of the 1949 and 1969 CAP Surveys: whereas there had been substantial falls in the overall coefficients of variation for calcium, chloride, glucose and urea nitrogen assays, there had been only a marginal improvement in the performance of cholesterol assays, with the overall coefficient of variation falling from 23.7 to 18.5 %. It was suggested that this may have been due to lack of availability of the NBS-certified chulesterol standard, but more likely the results were unduly influenced by high bilirubin levels in the samples analysed. It was for this reason (Gilbert, 1970) that cholesterol was excluded from a detailed discussion of the 1969 Survey.
Massachusetts Society of Pathologists Regional Quality Control Program
A brief summary (Copeland and Rosenbaum, I972a) of the cholesterol findings of the 1968 Program indicated that there was a method-related systematic bias between the results of routine assays and those found by a referee method. This point was elaborated by Wenk (1971) who showed that 37 participant laboratories all obtained higher mean values in the repeat analysis of common pools than reference laboratories; at the 130 mg/IOO ml level, the differences ranged from 20-70 mg/lOO ml. It was suggested that arithmetic correction for systematic bias might be practicable, but it was clear that the magnitude of the necessary factor was dependent both on the method in question and on the cholesterol concentration of the sample. Fasce and Vanderlinde (1972) reviewed the results of surveys, carried out in 1969 and 1970, designed to assess the effects of several factors, apart from methodology, on the performance of cholesterol assays. Approximately 400 participant laboratories analysed both clear and icteric hypercholesterolaemic serum samples, and an attempt was made to evaluate the relevance of different methods of standardisation and control, and of using reagents from different sources. Accuracy was assessed in relation to 'target values', i.e. the mean results of determinations carried out by five reference laboratories, each using assay methods of their own choice. The data also afforded an estimate of the intralaboratory random error associated with the chief variables. The principal findings of this study were as follows:
New York State Surveys
Best inter-laboratory preCISIOn, with overall coefficients of variation in the range 7-11 %, was obtained by laboratories using a direct Liebermann-Burchard procedure, even though marked interference by bilirubin was evident; the corresponding range for the reference laboratories was 4-5.5 %. Best accuracy, however, was achieved by laboratories using a Liebermann-Burchard procedure after an extraction step. The contribution of random errors to overall variability of the different assay methods was small. The use of the NBS-certified cholesterol standard was associated with results lower than the target value, but relatively few laboratories actually used this material. No clear advantage appeared to be offered by particular techniques of standardisation, such as the use of solvent-based solutions of cholesterol or of precalibrated control sera. In drawing these conclusions, Fasce and Vanderlinde (1972) emphasised the possibility that unforeseen interactions of variables may have influenced the results; a computer-orientated approach to data handling was considered to be 'absolutely necessary' .
Scandinavian Inter-hospital Surveys
From 1963 to 1969 (Stromme et al., 1969) , approximately 20 Scandinavian laboratories participated in eight surveys of performance, using lyophilised sera. Over this period, results for 10 out of 15 components analysed showed progressively lower coefficients of variation, but no definite pattern was seen in the findings for the other components, which included cholesterol (c. V. in the range 5-13% at a level of 100 mg/100 ml). In three subsequent surveys (Strarnme and Eldjarn, 1970) , in which more than 100 laboratories participated, the overall coefficients of variation for cholesterol assays were 14 and 10% at levels of 100 and 200 mg/IOO ml respectively. These figures, and those for other non-enzymic constituents, could be substantially improved by setting 2 S.D. truncation limits, and it was, therefore, suggested that the corresponding analytical procedures in common use in Scandinavia could be regarded as 'satisfactory'. It is notable, however, that the bilirubin levels in the samples analysed did not exceed 2 mg/lOO ml.
PERFORMANCE OF COMMERCIAL KITS
A survey (Neill et al., 1973) conducted in 1972 by the A.C.B. Scientific and Technical Committee showed that a significant number of British clinical laboratories used commercial kits in assaying cholesterol. It is apposite, therefore, to consider the results of objective studies of the performance of such kits. Logan (1972) reviewed published reports on commercial kits, including those for cholesterol assay, and commented on the problems raised by differing criteria for evaluation. Furthermore, manufacturers may change the formulation of their products from time to time without indication.
In assessing cholesterol kits produced by 12 different manufacturers, Barnett ct al. (1968) found 151 only two to be acceptable in terms both of precision, and of bias and concordance in the analysis of patients' samples in relation to a reference (manual) method: it was noted that some of the kits employed standard solutions of unsuitable concentrations. Krynski and Logan (1968) found only four kits out of 17 to be acceptable, but in several details their conclusions regarding particular kits did not agree with those of Barnett et al. (1968) . Logan (1972) suggested that this may have been due to variation between reagent batches.
Several assessments have also been made of the performance of 'packaged systems' for blood analysis, which include cholesterol. Both Glick and Timberlake (1970) and Logan and Sunderland (1970) showed that the 'Unitest' (Liebermann-Burchard) procedure for serum cholesterol assay was not sufficiently accurr re or precise for routine use and gave higher values than a reference (manual) method involving solvent extraction. In this context, Eason (1969) noted that 'extreme care' must be taken to avoid entraining red cells, and suggested that faulty technique may unduly influence the findings of such assessments. The relevance of training in the use of such kits was shown by the findings of Crowley and Alton (1971) and of Logan and Sunderland (1970) in studies of the 'Diagnotest' system; in experienced hands, this could yield results comparable to a reference (AutoAnalyzer) method for cholesterol, but formal evaluations were not carried out.
More encouraging findings were reported by Sunderland et al. (1972) in assessing the 'AccuStat' blood chemistry system, which also uses a Liebermann-Burchard procedure for cholesterol assay. In the concentration range 100-300 mg/IOO ml, tests of day-to-day reproducibility showed a coefficient of variation of 4 % (the corresponding figure for an AutoAnalyzer procedure being 3 %), with acceptable recovery and bias. The performance of the system in respect of cholesterol assay was therefore considered to be satisfactory.
CONCLUSIONS
The results of the present survey do not bear out Kendall's expectation, in 1960 , that better performance of cholesterol assays would be achieved if highly purified cholesterol were to become available as a primary standard. Substantial improvement in the purity of commercial cholesterol has indeed been realised (Radin, 1965; Williams, et al., 1970) , but as far as clinical laboratory practice is concerned, the picture over the last decade is one of little change, either in methodology or quality of performance. Possibly the improvement in the purity of cholesterol has not been matched in respect of the solvents and reagents used in the assays, or has been negated by an increasing casual attitude on the part of the worker at the bench towards purifying these materials.
It is clear ( Table 2 ) that manual colorimetric methods of assay are capable of high precision and of good concordance with reference techniques, and that interference from bilirubin need not be very serious. It is not so evident, however, that great care must be taken in executing these techniques and that the adaptation of colorimetric method to the AutoAnalyzer demands equally critical attention to detail; without such attention, the precision of the automated assay falls substantially (Fosbrooke and Pringle, 1970) . Both AutoAnalyzer and SMA 12/60 methods have been described as subject to carryover and base-line drift and to the production of erratic results (Driscoll 1'1 al., 1971) , and it is notable that cholesterol was the worst performed of 15 AutoAnalyzer assays in a study by Wilson 1'1 al. (1972) . This situation almost certainly underlies the fact (Tables 3 and 4) that British laboratories employing automated methods perform no more consistently than those using manual techniques, nor is there evidence that the quality of their performance is improving.
These findings must be reviewed in the context of the clinical requirements for accuracy and precision, which should in turn be related to the inter-and intra-subject variability of cholesterol levels, and to the character of the normal range. In discussing these factors, Granis 1'1 al. (1972) have argued that Tonk's 'allowable error' or Barnett's level of 'medical significance' offer enough latitude in respect of cholesterol assay to enable a competent laboratory to easily maintain an acceptable level of performance. It is difficult, however, to avoid the conclusion that current manual chemical methods of assay offer many traps for the unwary, and that continuous flow automation does not readily solve the inherent problems. Gas chromatography, in principle, offers an alternative but reliance upon both saponification and extraction steps is undesirable. Until a radically new method, such as the enzymic technique of Richmond (1972) is validated, it seems wise to rely for routine use on a simple established assay, e.g. the ferric chloride-acetic acid-sulphuric acid method of Zak (1965) , and to report results without empirical correction for interference by bilirubin.
For further note see page 154.
